Abstract-In this paper, a new PID parameter tuning method is proposed. First, extensive analysis of the PID frequency properties is conducted. Based on the analysis results, the concept of characteristic frequency of the PID controller is proposed, which builds a relationship between the PID parameters and the oscillation characteristics of the closed loop response of the PID control system. This relationship makes it possible to adjust the PID parameters according to the oscillation characteristics of the closed loop response of the PID control system. Based on the characteristic frequency of the PID controller and the corresponding analysis results, three tuning rules of the PID parameters are proposed, which are based on the characteristics of the closed loop response. The merits of these tuning rules are: only the characteristics of the closed loop response of the control system are required in the tuning process, while the system model of the controlled object is not required. The effectiveness of these tuning rules is verified by the simulation results for several models of the controlled objects.
I. INTRODUCTION
UE to the easiness in tuning and implementation, the PID control method has gain great popularity in the industrial applications, such as process control and mechatronic system control. Corresponding to its great influence in the engineering field, in the academic world, extensive and systematical study has been made on how to tune the PID controller effectively and conveniently. Abundant research results have been acquired [1] - [3] . Many famous and far-reaching methods can be found in the literature, such as the Ziegler-Nichols method [1] [2] , the IMC method [3] - [5] . In the early Ziegler-Nichols method, the output of the system is analyzed, and then based on the shape of the output, the PID parameters are directly given according to a set of clear relationships. After the Ziegler-Nichols method, many other design methods were proponed, for example, the internal model based design method (IMC) Manuscript received July 10, 2012. This work was supported by State Key Program of National Natural Science of China under Grant 61035005, and National Natural Science Foundation of China under Grant 61273025, and the National high technology research and development program under Grant 2011BAD20B07, and the National high technology research and development program under Grant 2012AA041501; 2011AA040202.
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[3]- [5] , the loop shaping method [6] [7] . These methods are often based on certain characteristics of the plants or based on typical plant models. To apply these methods, the characteristics of the plants or the plant models are first identified, and then according to certain algorithm, the parameters of the PID controller are directly given. For example, the IMC method needs the model of the controlled object to build the internal model controller, and then through structural transformation and parameter approximation, the internal model controller is transformed into PID controller. In the loop shaping designing method, the system model is used to design the shape of the bode diagram of the open loop transfer function, and when the requirements of magnitude margin and phase margin are fulfilled, the PID controller designing is accomplished.
The above model based designing methods are useful in the optimization of the PID parameter. However, the original advantage that the tuning of PID parameters requires little system model information is lost, and the designing results are heavily dependent on the modeling precision. Thus, the popularizing of these designing methods can be difficult, and the designing result can be greatly affected by the modeling error and system identification error.
For the above reasons, in the practical engineering application, for a good PID tuning strategy, the required system model information should be very little, and the PID parameters tuning should be based directly on the closed loop system response characteristics [8] [9] [10] .
The aim of this paper is to give a new PID tuning strategy which is based directly on the closed loop system response characteristics. The most significant characteristics of this tuning strategy is that the tuning process is based on some information that can be easily and directly measured, or is known already, such as the vibration frequency of the closed loop system response, and the PID characteristic frequency which can be calculated from the existing PID parameters. In this way, the complicated analysis during the designing is avoided, and the PID designing becomes quite easy. This paper is organized as follows: In the second section, new parameters are introduced to describe the PID controller. In the third section, based on the new parameters, the PID control system is analyzed in detail; a set of tuning rules is concluded. In the forth section, the PID controller tuning rules concluded in the third section are applied in simulation. In the final section, this paper is concluded. 
In this paper, we propose new parameters for the PID controller, given as(2.2).
2) is defined as the characteristic frequency of the PID controller. The PID controller can then be expressed as:
Using(2.3), the phase and magnitude of the PID controller at any frequency ω are given in(2.4). Based on (2.4), the influence of the variation of n ω , α and β on the phase and magnitude of ( ) C s can be given in the form of partial derivative functions, expressed as (3.1) -(3.3). 
According to (3.1), we have the following conclusions: a. the influence on the phase characteristics:
b. the influence on the magnitude characteristics:
According to (3.2), we have the following conclusions: a. the influence on the phase characteristics:
According to (3.3), we have the following conclusions: a. the influence on the phase characteristics:
B. The M-circle based graphical analysis
The M-circles in Nichols chart are also called the constant-magnitude loci [2] , which are a family of circles, shown in These properties are used in analyzing the magnitude of the closed loop system in different frequency sections.
In the following discussion, the FOPTD plant [4] is used to help to study the PID control system. Most self-regulating industrial processes can be represented by the FOPDT model, and it is widely used in the study of PID controller in the literature [4] . However, it is obvious that only the low pass property of the FOPDT model is used in the analysis, so the analysis results, including the tuning methods that are concluded, are applicable to not only the FOPDT plant, but also most of the plants that has the low pass property.
The transfer function of this model is given as:
In the following discussion in this subsection, the parameters of the plant are given as:
C. The position of ( ) ( ) From (3.17), we have:
From (3.18), we have the conclusion that for the open loop transfer function of any PID control system, if the derivative gain is increased, then the phase angle at any frequency is increased, and in the frequency region where n ω ω < , the magnitude is decreased.
Suppose that the PID controller is initially designed such that arg ( ) ( )
ω ω is located in the negative part of the real axis of the complex plane, shown as curve 2 in Fig. 3.2) , then, for the frequency region where n ω ω < , the corresponding part of Nyquist curve falls in the third quadrant. Because of the plant's low-pass characteristics(which is common for most of the real processes), the two points in the Nyquist curve, which are corresponding respectively to the maximum of Fig. 3.2) . As the phase angle and the derivative gain are increased, the response speed and the disturbance suppression capability of the closed loop system are both enhanced; as the maximum of the complementary sensitivity function and the sensitivity function are both reduced, the stability and the robustness are both enhanced. So, if arg ( ) ( ) n n C j G j ω ω π = − , then increase the derivative gain can enhance the system performance; otherwise, if the derivative gain is decrease, for similar reasons, the system performance would be worse(shown as curve 3 in Fig. 3.2 ). According to the above discussion, for a well designed PID controller, the point in the Nyquist curve corresponding to ( ) ( ) n n C j G j ω ω should be in the third quadrant. In the following discussion, the point ( ) ( ) n n C j G j ω ω is always assumed to be in the third quadrant of the complex plane.
D. The influence of n
ω , α and β Fig. 3.3 shows the Nyquist curves of three PID control systems with different n ω , α and β . 
E. Several typical response curves
If the step response of the closed loop system has overshot, then the overshot has the nature of oscillation [2] . Due to different parameter settings, the frequencies of the oscillation are different. The oscillation frequencies indicate that in certain frequency regions, the magnitude of the closed loop transfer function is significantly larger than that in other regions. Fig. 3.4 shows several typical step response curves of the PID control system. In the following discussion, we use 0 ω to denote the frequency of the oscillation in the step response curve.
Oscillation with measurable frequency: In Fig. 3.4 -a, the oscillation frequency 0 ω can be measured. As 0 n ω ω < , we get the conclusion that the peak of the magnitude of the closed loop transfer function is in the frequency region where n ω ω < . This conclusion is verified in Fig. 3 .4-d. Oscillation with very low frequency: In Fig. 3.4 -b, the curve can be explained as that the period of the oscillation is very large, so the oscillation vanishes in less than a period. However, referring to the length of 2 / n n T π ω = , it is easy to conclude that 0 n ω ω < (the corresponding Nyquist curve is shown in Fig. 3.4-e) .
Oscillation with more than one significant frequencies: In Fig. 3.4 -c, the curve can be explained as: besides the main oscillation (of which the frequency is smaller than n ω ), there are high frequency oscillation (of which the frequency is larger than n ω ). And this can be verified in Fig. 3 .4-f. The reason for this condition is that β is too large (see the discussion in subsection 3.2.3).
F. Tuning rules
According to the discussion in subsection 3.2, we propose the following PID tuning rules that are based on the oscillation frequency 0 ω and n ω : The reason that increasing n ω should be first tried is that reducingα ( p K is reduced) can significantly slow down the system response. adjustment size is not given. So there maybe cases that the parameters are over-adjusted. Moreover, these tuning methods mainly use the decreasing strategy, so they can be helpless for the cases that the parameters are originally too small. To solve these problems, the idea of multi-circles tuning is proposed in this paper, as shown in Fig. 3 .5. In fig.   3 .5., δ is a number small enough and is pre-decided by the designer. If the inequation in Fig. 3 .5 is fulfilled, the tuning is accomplished, as the variation of the parameters should be very small if the tuning continues.
IV. SIMULATION
As the paper size is limited, the tuning process is not a whole multi-circles tuning, but just part of one circle tuning, which is enclosed in the blue box in Fig. 3.5 .
Using The response shown in Fig. 4 .1-b contains two oscillation frequencies, and that the lower frequency is lower than n ω while the higher frequency is higher than n ω . So the method for case 3 should be applied. Decrease β from 5 to 1.67, the low frequency oscillation vanishes, and the overshot is further reduced, as shown in Fig. 4 .1-c. From Fig. 4 .1-c, it can be easily measured that 0 n ω ω > , so the method for case 2 is applied: first try increasing n ω from 6 to 7.4, and the overshot increases, as shown in Fig.   4 .1-d. So decreasing α should be applied.
Increase α from 10 to 7, the overshot is reduced significantly. And the oscillation with low frequency appears, shown in Fig. 4.1-e. In the following steps, case 1 and case 3 appear alternatively, so the corresponding methods are applied alternatively.
The final system output is shown in Fig. 4.1 
V. CONCLUSION
(1) The main innovative point of this paper is a concrete reference frequency, that is, the characteristic frequency of the PID controller, which can be used to evaluate whether the oscillation of a PID control system is of high frequency or of low frequency. The oscillation frequently appears in the time zone response during the tuning of a PID control system, and the frequency of this oscillation can be roughly measured. The engineering practice shows that, if the oscillation frequency is low, then the integral gain needs to be reduced, and if the oscillation frequency is high, then the derivative gain needs to be reduced. However, for the systems that response quickly, for example, the electrical motor driver system [11] , an oscillation of which the period is several seconds may be regarded as low frequency oscillation; while
